Introduction
Embryonic stem cells (ESCs), derived from the inner cell mass of pre-implantation mammalian embryos, are a unique population of pluripotent cells that can differentiate into the embryonic precursors of all corresponding adult tissues both in vitro and in vivo 1, 2 .
Perhaps the neural phenotype is the easiest to obtain from ESC and indeed several investigators have suggested it should be the default differentiation fate of ESC 3, 4 . Several methods to obtain neural differentiation have been reported. These include embryoid body formation and selection in NSC medium [5] [6] [7] , sorting with CD133 after differentiation 8 ,
selecting neurosphere forming cells after plating cells in low density 9 , a direct differentiation of adherent culture in defined medium 10, 11 or enhancing/biasing neural differentiation by altering BMP/TGFß signaling or altering Notch signaling [12] [13] [14] . In all of these processes a number of nestin positive, dividing populations can be obtained that express neural markers and these populations can be induced to differentiate into neurons, astrocytes and immature oligodendroytes. Neurons are generally born first with glial precursors taking longer time periods to differentiate similar to normal fetal development 15, 16 .
NSCs have also been isolated from fetal tissues. At least two types of NSC have been identified. The neuroepithelial NSCs reside in the ventricular zone and present themselves relatively early in development [17] [18] [19] are followed by the later appearing neurosphere forming NSC 20 that likely reside in the more rostral subventricular zone regions. These NSCs have been propagated for prolonged time periods and subjected to large scale analysis by multiple methods 21, 22 . Each of these NSC populations has the ability to self-renew to some extent and can differentiate into neurons, astrocytes and oligodendrocytes. It is however unclear if the properties of these cells are similar to those of NSCs derived from hESCs (ES_NSCs). To our knowledge no direct comparisons between these populations in human have been made.
Several additional multipotent populations and dividing progenitors with a more restricted phenotype have also been identified in both mouse and human tissue [23] [24] [25] . Goldman and colleagues for example have isolated a glial progenitor population that has the ability to differentiate into oligodendrocytes and astrocytes when transplanted into a shiverer mouse model 26 . Neuronal and glial restricted populations have also been derived from ESC cultures and their properties described 24, 27, 28 . Whole genome analysis of these populations has not been reported but markers that clearly distinguish these cells from more undifferentiated stem cells and more differentiated mature cells of the CNS have been identified 25 .
To assess the properties of NSCs, we employed a whole genome bead-based technology developed by Illumina Inc. that combines the sensitivity and low cost of a focused array with the coverage of a large-scale array 29 . We used this bead array platform to analyze multiple NSC populations that were derived from hESC or directly harvested from human fetal tissue samples. By comparing NSC populations derived from different sources we identified a set of core similarities and specific differences. 
Materials and Methods

Cell culture and characterization for sample verification before global analysis
Nineteen cell samples were selected from multiple laboratories for expression profiling as indicated in Table 1 . Cells were prepared according to the protocol of each laboratory and references for detailed information are listed in Table 1 by all of these three slide formats and analysis was preceded for these genes. To access the robustness and compatibility of methods, the genes whose detection score was either over 0.99 or 0.95 were examined and listed in Table 1 . Variation from different time points was observed in samples run in May such that a higher signal value was required to obtain a detection score of ≥0.99. Given the reduced sensitivity of detection (300 or higher signal intensity for a gene with a score of ≥0.99) and the information from Supplementary table 1 indicating a similar gene distribution from the May through July samples, we determined that a fixed cut off of 0.99 would give rise to false negative detection of the genes for samples run in May. To compromise the observed discrepancy, we applied two different criteria, 0.95 cut off for the slides run in May and 0.99 cut off for the other set to decide the presence of or absence of the expression of the selected genes.
Identification of differentially expressed genes and clustering analysis.
To identify differentially expressed genes, we chose eight samples (N6-9 with duplicates) of ES_NSC and four samples (F1-2 with duplicates) of F_NSC. Genes differentially expressed between ES_NSC and F_NSC samples were identified using a t-test with P < 0.01 and the fold change greater or equal to 2. Hierarchical clustering of these differentially expressed genes was conducted using the software, Cluster 3.0, with centroid 
Results
Obtaining and characterizing samples
Nineteen cell samples were selected from multiple laboratories ( Table 1) . Eleven were examined for all ES_NSC samples used in this study. As seen in Figure 1a , the overall expression pattern of the selected genes was quite similar among the ten samples tested.
Although there seems to be some variation in expression level, all ES_NSC samples displayed expression of the generally accepted as markers of NSC, Sox1, Sox2, CD133, shown to be consistent across the samples, so that approximately 40% of genes were observed with signal intensity greater than 100. However, samples in one run (N11, E, U)
showed consistently lower signal intensity (26.4-35.6) which suggests that caution should be taken in making comparisons between these slides and analyzing expression changes or pooling results. For this reason, we decided to exclude N11 expression data and did not pool it to ES_NSC samples. Based on the pattern of gene expression across all samples, we chose an arbitrary signal intensity of 100 as a cut off for our initial analysis. To further assess the quality of the arrays used in this study, we examined the expression values for genes selected from Figure 1 for which PCR results had been obtained (Supplementary table 5) . While there was good correlation between most samples analyzed, three genes showed some discrepancy.
For example, Sox1 and Sox2 were shown to be expressed in these samples by PCR but were not detected by the Illumina bead array. In addition, false positive values were obtained for MAG which has numerous splice variants that are expressed early in development 33 . These discrepancies emphasize the importance of independent confirmation of microarray results.
In summary, we conclude that by using the proper controls and taking the appropriate precautions in analyzing the data, this type of analysis can be a useful tool to compare multiple samples. 
Correlation among populations and comparison of ES_NSC with other populations
Next we examined the degree of similarity among samples in terms of overall correlation coefficient (Supplementary table 2) . A cluster analysis was conducted and a dendrogram analysis presented in Figure 2 was prepared using Beadstudio, a software program specifically designed by Illumina for this analysis. Using this analysis, we found that ES_NSC samples clustered together and could be discriminated from other populations analyzed in this study. Further, the dendrogram showed that the samples N1 to N10 clustered to form one group of ES_NSC which could easily be separated from F_NSC, OPC or APC Interestingly, samples N1-N4, N6-N9 clustered very closely, potentially as a result of these samples being derived using similar methodologies (albeit by two different groups). In addition, the N8 to N10 ES_NSC samples had a correlation value higher than 0.862, which was also higher than that of F_NSC, OPC, ESC or EB. Among the populations compared here, APC clustered furthest away from any other group (0.567 to 0.709). From all this data, we concluded that the overall gene expression profile seen in ES_NSC could be discerned from that seen in F_NSC or from the differentiated progenies of OPC and APC.
Genes differentially expressed in ES_NSC
We next wanted to scrutinize relatedness between the ES derived and fetal derived We then compared the expression patterns of ES_NSC shared genes (7371 genes) with those of restricted progenitors of OPC and APC in an attempt to find genes exclusively expressed by ES_NSC. As shown in Figure 3 , APC and OPC expressed 8446 and 8794 genes respectively and 55.4% of all genes analyzed were shared by all of three populations of ES_NSC, APC and OPC. This shared pool was highly enriched with homeostasis and ribosomal protein related genes. In addition, ninety genes (0.9%) were shown to be exclusively expressed by ES_NSC (Table 2 ). When we searched EST sets imported from the National Center for Biotechnology Information (NCBI) for these genes, 80 out of 82 genes (for 8 genes data were not available) had EST counts in brain tissue. When their EST counts were broken down by developmental stage, 17 genes showed restricted expression to embryonic stages of development at a time when stem and progenitor cells were much more abundant (data not shown). In addition, the gene PAQR6 which is a progestin and adipoQ receptor family member VI, showed restricted expression pattern so that more than half of all contributing ESTs came from the brain. When these genes were examined for their expression in ESC, PDE7A, LOC63920 and LOC374823 (lectin) were selected as exclusive genes for ES_NSC, whose expression were not shown for any of other compared populations (ESC, APC, OPC, F_NSC). Among the 90 genes, there were 17 genes expressed in F_NSC (highlighted in Table 2 ) which are identified as common stem cell markers both for ES_NSC and F_NSC.
Difference between origin of neural stem cells (ES_NSC vs. F_NSC)
From the previous section we could observe that NSC derived from ESC possessed a different global expression pattern than neurosphere forming cells isolated from fetal tissue. 
Analysis of signal transduction pathways in ES_NSC
Next, we analyzed gene expression based on known signaling pathway. The Fisher exact test used in this study showed that the genes involved in biological processes such as WNT signaling, FGF signaling, and cell proliferation were significantly enriched (P <0.05) in genes up regulated in ES_NSC cells while genes for the MAPKKK cascade, apoptosis and JAK-STAT cascade were significantly down regulated (Table 3) .
Data from gene expression analysis of ES_NSC (N1-10) and F_NSC( analysis to ensure the quality of input data. Given lab to lab variability and allelic variability among human populations, it is important to compare lines from many labs to ensure the significance of interpretations gleaned from particular data sets. The data must be carefully curated and comparisons must be limited to data sets generated using the same assay format.
The assay format must be sensitive, reproducible, and affordable, and should not require a large amount of sample material. We have found that the Illumina bead array system fulfils these criteria and have used it to generate data sets for ten different ES_NSC populations obtained from six different hESC lines. Samples were derived in multiple locations using different techniques and by multiple investigators and most samples were run in duplicate.
These samples were compared with four F_NSCs which had been independently tested for their self-renewal ability and ability to differentiate into neurons, astrocytes and oligodenrocytes and for the expression of key NSC markers. The entire data set is comprised of 32 samples and is available for download at (will be updated).
It is impossible to provide a detailed analysis of all results generated in this study and in this manuscript we have focused on a few major points. Perhaps the most important finding is the limited overall similarity between NSCs derived from hESCs (ES_NSC) and those isolated from fetal tissue (F_NSC). Interestingly, although these samples differ in their stage of development they do share many properties including several well known neural stem cell markers as shown in Figure 1 However, some patterns can be observed in human as we see similar profiles as described in mouse for a subset of genes. In the results presented here, ES_NSCs express many of the same genes seen in F_NSC but differences in expressed genes were also observed. This differential gene expression between the two NSC populations was also apparent when examining the differential expression of ECM molecules which showed higher expression levels in ES_NSC when compared to F_NSC. Interestingly, we found that the collagen subtype expression profile in human ES_NSC and F_NSC was consistent with published mouse NSC expression profiles although underlying functional relevance of this has yet to be determined. In our study, we have also used a bioinformatics analysis algorithm (PAM) to identify a set of key genes that can be used to discriminate ES_NSC from F_NSC and although we show that NSC from different sources (ESC or fetal tissue) share commonalities they can be distinguished from each other.
Comparing ES_NSCs with more lineage restricted progenitors (OPC and APC) also allowed us to identify several markers that could be used to categorize ES_NSCs from other NSC progenitor populations. As shown in Table 2 , 21 novel genes could be identified as The data sets obtained in this study, in addition to the rapidly expanding data from many other studies, should serve as an important resource and can be mined with currently available tools. Our efforts to provide this data in a readily accessible format will also allow even the uninitiated researcher to be able to examine the pattern of expression of their favorite gene and compare it across multiple sample sets. Others ZWINT, MST4, CDH6, NAALAD2, MCART1, VPS52, TOP3A, LOC83690, C14orf143, CDCA1, CACNG2, IRX1, WBSCR20C, XTP1, PAQR6, GPR49, C14orf80, NFS1, ZNF471, C8orf13, C10orf3, SFXN2, CROCC, EGFL3, CPM, MGC45419, IRX2, KIRREL2, MUSTN1, CLYBL, ECEL1, BIRC1, LGI1, PDK3, PMS2L9, CACNA2D2, GPC3, GYG2, SLC2A1, ADRBK2, NTT5, FIGN, MCM3APAS, GPR48 Bold letters indicate correlation between replicates of sample deposited on different slides.
The results showed that there were more than 0.95 correlation existed across different slides which indicated robustness of obtained data by bead array. Figure legends 
